We have performed a systematic study of Gamma-Ray Bursts (GRBs), which have various values in the peak energy of the νF ν spectrum of the prompt emission, E peak , observed by Swift/BAT and Fermi/GBM, investigating their prompt and X-ray afterglow emissions. We cataloged the long-lasting GRBs observed by the Swift between 2004 December and 2014 February in 3 categories according to the classification by Sakamoto et al. (2008): X-Ray Flashes (XRFs), X-Ray Rich GRBs (XRRs), and Classical GRBs (C-GRBs). We then derived E obs peak , as well as E src peak if viable, of the Swift spectra of their prompt emission. We also analyzed their X-Ray afterglows and found the trend that the GRB events with a lower E src peak , i.e. softer GRBs, are fainter in the 0.3-10 keV X-ray luminosity and decay more slowly than harder GRBs. The intrinsic event rates of the XRFs, XRRs, and C-GRBs were calculated, using the Swift/BAT trigger algorithm. That of either of the XRRs and XRFs is larger than that of the C-GRBs. If we assume that the observational diversity of E peak is explained with the off-axis model (Yamazaki et al. 2002 (Yamazaki et al. , 2004 , these results yield the jet half-opening angle of ∆θ ∼ 0.3 • , and the variance of the observing angles θ obs 0.6 • . This implies that the tiny variance of the observing angles of 0.6 • would be responsible for the E peak diversity observed by Swift/BAT, which is unrealistic. Therefore, we conclude that the E peak diversity is not explained with the off-axis model, but is likely to originate from some intrinsic properties of the jets.
INTRODUCTION
The Gamma-Ray Bursts (GRBs) whose prompt emission lasts over 2 seconds are called a long GRBs. According to the widely accepted model of the long GRB, when a massive star dies and prompts a supernova, a black hole and ultra-relativistic jets are formed and then a long GRB may be observed if the jets point to us (Bloom et al. 1999; Woosley et al. 2006 ). The parameter E peak , which is the peak energy of a νF ν spectrum, indicates the general spectral property of GRBs. Past observations with High Energy Transient Explorer 2 (HETE-2) showed that E peak is distributed over a broad energy band from keV to MeV (Sakamoto et al. 2004 ). Notably, the GRBs observed by HETE-2 were katsukura@heal.phy.saitama-u.ac.jp classified with following 3 categories in the basis of their softness ratio. They are classical GRBs (C-GRBs), X-ray rich GRBs (XRRs) and X-ray flushes (XRFs; Heise et al. 2003; Barraud et al. 2003; Sakamoto et al. 2005) , in descending order of softness ratio. The three kinds of bursts are thought to be based on a unified jet picture (Lamb et al. 2005) . Various theoretical models have been proposed to explain the emission process of XRFs and the mechanism generating 2-3 orders of diversity in E peak , including, for example, a high redshift GRB model ), dirty fireball model (Dermer et al. 1999; Rossi et al. 2002) , GRB jets with a small contrast of Lorentz factors , off-axis jet model (Yamazaki et al. 2002 (Yamazaki et al. , 2004 , and variable opening-angle model (Lamb et al. 2005) . The validity of these models have been discussed in conjunction with the observed data by CGRO/BATSE (e.g., Paciesas et al. 1999; Kaneko et al. 2006 ) and HETE-2 (e.g., Barraud et al. 2003; Sakamoto et al. 2005) . However, the information of the prompt emissions in the available data was insufficient to derive a definite conclusion about the emission mechanism of the long GRBs.
The theoretical models to explain the diversity of E peak are broadly classified into two genres: (1) E peak varies intrinsically from XRF to GRB, and (2) it originates mostly in the geometrical effect, while the intrinsic diversity is limited. One of the more accepted models for the latter is the off-axis model [e.g., Yamazaki et al. (2002 Yamazaki et al. ( , 2004 ]. The off-axis model explains well at least the smaller end of E peak . It also expects the afterglow light-curve to include a rising part, which originates in a weak and relativistic beaming effect accompanying the deceleration of the jet when the observer sees the jet offaxis. Thus, any observational relation between E peak in the prompt emissions and afterglow light-curves (e.g., X-ray luminosity and temporal decay index), if found, would give a key to constrain the theoretical model.
In recent years, the Neil Gehrels Swift Observatory (Gehrels et al. 2004 ) has been observing the early GRB afterglows in multi-wavelengths from optical to X-ray bands since its launch in 2004. Sakamoto et al. (2008) conducted the first systematic study with the early Swift data with regard to the above-mentioned point and suggested that the X-ray luminosity (0.3-10 keV) of small E peak events is lower than that of higher E peak events. However, the number of samples in their study was very limited.
In this paper, we report the results of our systematic analysis of prompt and afterglow emissions of long GRBs observed by Swift between 2004 December and 2014 February. We handle them in three categories, following the classification criteria of Sakamoto et al. (2008) : XRFs, XRRs and C-GRBs. In §2, we describe the samples of GRBs observed by Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005) and then the analysis methods of the prompt emission by Swift/BAT and the broad-band afterglows observed by Swift X-Ray Telescope (XRT; Burrows et al. 2005a ) and optical telescopes on the ground. In §3, we explain about details of our samples which were used for analysis of the prompt emissions and afterglows. In §4 and §5, we show the results of the systematic analysis of the prompt emissions and afterglows, respectively. In §6, we calculate the intrinsic event rates of the XRFs, XRRs, and C-GRBs, using the simulator of the Swift/BAT flight-trigger algorithm (Lien et al. 2014; Graff et al. 2016) , and then discuss the consistency of theoretical models generating 2-3 orders of diversity of E peak on the basis of the results of prompt emissions, afterglow emissions, and total numbers of the three classes of GRBs in the the whole universe per year, before summarizing our results in §7. Throughout this paper, the cosmological parameters of Ω m = 0.274, Ω Λ = 0.726, H 0 = 70.5 km s −1 Mpc −1 (Spergel et al. 2007 ) are adopted. Error bars are in the 90% confidence level unless noted otherwise.
2. ANALYSIS 2.1. Classifying the GRBs observed by Swift
We classified the 750 long GRBs observed by Swift between 2004 December and 2014 February into three categories with the classification method by Sakamoto et al. (2008) : XRFs, XRRs and C-GRBs. The classification uses the ratio of the fluences between 25-50 keV (S 25−50keV ) and 50-100 keV (S 50−100keV ), as follows.
S 25−50keV /S 50−100keV ≤ 0.72 (C − GRB) 0.72 < S 25−50keV /S 50−100keV ≤ 1.32 (XRR) (1)
S 25−50keV /S 50−100keV > 1.32 (XRF)
We derived the fluences from the best-fit model of the X-ray spectra presented in Lien et al. (2016) (hereafter BAT3 catalog), and used them for classification. Our samples for the spectral analysis are long GRBs of which T 90 in the BAT3 catalog are longer than 2 sec. Table 1 summarizes the number of GRBs and spectral samples for each class.
2.2. Spectral analysis of the prompt emissions 2.2.1. Swift/BAT data analysis
All the event data observed by Swift/BAT were retrieved from HEASARC at NASA Goddard Space Flight Center. The standard BAT software (HEADAS 6.15.1) and the latest calibration database (CALDB: 2009-01-30) at the time of analysis were used. First, we generated the time-averaged spectra (PHA) from the event data during t 100 1 , using the batgrbproduct pipeline. Then, systematic errors were added to each spectral data with the command batupdatephakw. The energy response functions were generated with the command batdrmgen. The command performed the calculation for a fixed single incident angle of the source and we achieved the data of the function if Swift was stationary during the t 100 interval. As for the data for which the spacecraft slewed during the interval, we generated the response function for every 5 sec. The counts in each spectrum were weighted-averaged according to the photon count of every 5 sec, using the addrmf command (Sakamoto et al. 2008) . For the sources classified as C-GRBs, we combined the Swift/BAT data and the data observed by the Gamma-ray Burst Monitor (GBM; Meegan et al. 2009 ) onboard Fermi, because E peak of those GRBs are expected to lie above the energy range of the Swift/BAT (15-150 keV). We also analyzed some XRRs by combining the BAT data with GBM data if E peak value of the XRRs were not constrained by following analysis using only the data of Swift/BAT.
Finally, we performed model fitting of each spectrum, using xspec. We used 4 models to fit the spectra: a single power-law (PL), a PL with an exponential cutoff (CPL), Band function (Band 1993) , and constrained Band function (C-Band; Sakamoto et al. 2004 ). Hereafter, the chi-squares of PL, CPL, and Band function are referred to as χ 2 PL , χ 2 CPL , and χ 2 Band , respectively. The procedure of the spectrum analysis and our criteria to decide the best-fit model are as follows.
1. The spectral data are fitted by the following models in the order of PL (two free parameters), CPL (three free parameters), and Band function (four free parameters).
2. We choose, as the best-fit model,
If the spectrum is best-fitted by PL and if its photon index Γ PL < −2, we fit the spectrum further with the C-Band model and give a tighter constraint on the value of E peak .
Fermi/GBM data analysis
We retrieved time-tagged event data (TTE) of some of the XRRs and all the C-GRBs, corresponding to our Swift/BAT samples, observed by Fermi/GBM from HEASARC at NASA Goddard Space Flight Center. Fermi science tools version V10r0p5 were used for data reduction. Fermi/GBM has 12 NaI detectors and 2 BGO detectors, which are numbered 0-11 for NaI and 0-1 for BGO. We selected two NaI detectors and one BGO detector with the following criteria.
1. We choose the NaI detectors with source angles ≤ 60 • (Gruber et al. 2014 ).
2. We make the light curves for those event data, using the gtbin command.
3. The background is estimated from the fitting result of the pre-and post-burst light curve data with polynomial functions (χ 2 minimization) (see the following paragraph for detail).
4. We generate the background-subtracted light curves and select two NaI detectors the data of which have the highest signal-to-noise (SN) ratios.
5. If the selected NaI detector is one of 0-5, we use BGO-0 data, or otherwise BGO-1 data.
The exposure of the spectrum of the foreground object was chosen to be t 100 obtained by Swift/BAT. The energy response functions were taken from the public archive of Fermi Science Data Center. The background (Item 3 in the list above) was estimated from the result of the model fitting; a pair of the 1000s light-curves before and after the event, i.e., one from 1000 seconds before the BAT trigger and the other for 1000 seconds after the end of BAT t 100 , generated from the CSPEC data, for each channel were fitted with 1-4th-order polynomial functions, and then the best-fit model was incorporated into the burst time-intervals. We performed joint spectral analysis with the Swift/BAT and Fermi/GBM data to better constrain the spectral parameters for the hard GRBs. The energy ranges used in the spectral analysis were 8-1000 keV for NaI and 0.3-38 MeV for BGO (Gruber et al. 2014 ). In the simultaneous spectral fitting, a constant factor to the model for each dataset relative to the Swift/BAT data was introduced to take into account the uncertainty in the cross-instrumental calibration. The criteria to decide the best-fit model were the same as in section 2.2.1 2.3. Analysis of afterglows 2.3.1. X-Ray afterglow
The X-ray afterglow samples are limited to the GRBs that have the well-constrained E peak in our sample, following the analyses described in the previous section. We retrieved X-ray afterglow light-curves (in the 0.3-10 keV band) through the UK Swift Science Data Centre (Evans et al. 2009, http://www.swift.ac.uk) . In some GRBs, X-ray flares (Zang et al. 2006 ) occurred during the shallow decay phase in X-ray afterglow, which were excluded by eye inspection from our sample. We made the 0.3-10 keV light curves in luminosity (L 0.3−10keV ) for the events with known redshifts in the analyzed samples, using equation (2):
where d L and F 0.3−10keV are the luminosity distance and the energy flux observed by Swift/XRT, respectively, and Γ is the photon index of the X-ray afterglow at the late-time phase, which is available in the UK Swift Science Data Centre. We then performed model fitting for X-ray energy flux and luminosity light-curves with the models of a simple power-law (PL), a PL with one temporal break (BPL1), a PL with two temporal breaks (BPL2), and a PL with three temporal breaks (BPL3) in this order until the resultant χ 2 did not show an improvement greater than 2. Accordingly, the X-ray luminosity (L 0.3−10keV,200s ) and the temporal decay index (Γ 200s ) at 200 seconds after the trigger at the GRB rest frame were derived. Some GRBs were in the steep decay phase in the Γ 200s interval, in which case the temporal index in the period following the shallow decay phase was extrapolated to the epoch of the 200 seconds and the values of L 0.3−10keV,200s and Γ 200s were derived at that epoch in the same way was as described in Racusin et al. (2016) .
Optical afterglow
To analyze the optical afterglow, we collected the optical data published in Gamma-ray burst Coordinate Network (GCN) and literature. Table 7 summarizes the references of our samples. The galactic extinctions are corrected according to Schlegel et al. (1998) .
SAMPLE OF GRBS

Results of classification of the Swift GRBs
We cataloged in Table 1 the long GRBs observed by Swift between 2004 December and 2014 February with a classification of XRFs, XRRs, and C-GRBs based on equation 2. Figure 1 shows the distribution of fluence ratio between 25-50 keV and 50-100 keV (S 25−50keV /S 50−100keV ). We found that XRFs, XRRs, and C-GRBs are distributed continuously in a single peak. 
Analyzed samples
Because a measurement of the prompt emission parameters (e.g. E peak ) is crucial in this study, we select the samples of the well constrained spectral parameters XRFs, XRRs, and C-GRBs are distributed continuously from the single peak.
of the prompt emission. The samples are also required to have a good quality data of Swift/XRT. The spectral analysis for XRFs, XRRs, and C-GRBs were performed in the basis of the method described in 2.2.1. Since the number of samples of XRFs were limited, we selected all XRFs with a good quality data of Swift/XRT. The XRR samples were selected in descending order of the peak flux (15-150 keV). In case E peak was not constrained by the Swift/BAT data alone, we performed joint spectral analysis of Swift/BAT and Fermi/GBM data if they were commonly detected. We continued the analysis until the samples of XRRs were equivalent to fifty. Since nine XRRs do not have a good quality of Swift/XRT data, the total number of the analyzed samples for XRRs are 41. As for C-GRBs, it is expected that those of the E peak exceed the upper boundary the BAT energy band of 150 keV (Sakamoto et al. 2008) . Therefore, the spectral analysis was performed for the events observed by both Swift/BAT and Fermi/GBM. Because of the requirement of Fermi/GBM data for the analysis of C-GRBs, the total numbers of the analyzed samples of C-GRBs were significantly reduced to 13.
We also constructed the samples with redshifts from the analyzed samples. Table 2 summarizes the results of the spectral fitting with the CPL, Band function, and C-Band models. Figure 2 shows the relation between the fluence ratio S 25−50keV /S 50−100keV and E obs peak , which is defined as the E peak in the observer's frame. The theoretical curve of S 25−50keV /S 50−100keV in the case of the low energy spectral index α = −1 and the high energy spectral index β = −2.5 for the Band function is overlaid in the figure (dashed line). The value of S 25−50keV /S 50−100keV depends on E obs peak strongly, whereas it is not a strong function of the values of α and β. Therefore, in the energy range of Swift/BAT, this classification according to the fluence ratio is practically equivalent to that according to E obs peak . In addition, we note that the E obs peak of XRFs, XRRs, and C-GRBs are distributed continuously from a few to hundreds of keV. Figure 3 shows comparison of the fluence ratios based on our spectral modelling (R mod ) with those based on the spectral fits of the BAT3 catalog (R BAT3 ). R mod tends to be slightly larger, especially in XRRs, than R BAT3 . GRB080916A and GRB080714 change to XRR in the basis of classification using R mod . They are, however, consistent to be C-GRB considering their error regions. Additionally, most of analyzed sample do not deviate significantly from R mod = R BAT3 . Thus, the tendency generated by the difference of modeling between BAT3 catalog and our analysis is negligible. Figure 4 shows the energy fluence in the energy band of Swift/BAT (15-150 keV) versus E obs peak . The 15-150 keV fluence of the XRFs tends to be lower (dimmer) than those of the XRRs and C-GRBs.
The redshift (z), E src peak , and the total isotropicequivalent radiated energy E iso of our samples are summarized in table 3. Figure 5 shows the distribution of z and E obs peak . No clear trend of clustering of the Swift/BAT XRF population, especially towards the high redshift end, is observed, which contradicts the suggestion that the XRFs would be in high-redshift origin . Figure 6 shows the correlation, known as the Amati relation (Amati et al. 2002) , between the rest-frame E peak (E src peak ) and E iso . Our samples are consistent within the error with the relation derived from the best-fit result of Amati et al. (2006) for the ±2σ region except for XRR130925A.
Note that the figure also shows that our sample has the diversity for 2 and 3 orders of magnitude in E src peak and E iso , respectively. XRFs XRRs C−GRBs Figure 6 . Scatter plot of E src peak versus Eiso for our samples. The dashed line represents the best-fit power-law (E src peak = 95 × (Eiso/10 52 ) 0.49 ) and the two dotted lines delineate the region corresponding to ±2σ, which are derived from Amati et al. (2006) . The number of samples in this figure is N = 40. Table 2 . Summary of our spectral fitting results with the CPL, Band function, and C-Band models.
Events · · · · · · · · · CPL Table 2 continued 1.26 ± 0.11 ¡ 74.7 joint-CPL Table 2 continued f The best-fit model. The energy-flux light curves of the X-ray afterglows in the 0.3-10 keV band of our sample observed by Swift/XRT are plotted in figure 7 . The energy flux of the XRFs has a tendency to be slightly lower than those of the XRRs and C-GRBs. Table 4 summarizes the results of the light-curve model-fitting. Figure 8 shows E obs peak versus energy flux at 1 hour, 10 hours, 1 day, and 10 days after the trigger time of Swift/BAT. These results indicate that the afterglows of the XRFs tend to be fainter than that of the C-GRBs between 10 3 -10 4 s after the trigger time and that the tendency disappears as time elapses. We calculated the X-ray luminosity in the 0.3-10 keV band, using equation (2), for the events with known redshifts in our samples (11 XRFs, 20 XRRs, and 9 C-GRBs), and summarized the result and X-ray luminosity light-curves in tables 5 and 6 and figure 9, respectively. The above-mentioned trend in the X-ray afterglows of the XRFs is more pronounced in this figure of the energy fluxes. Furthermore, we found that if the steep decay phase (Γ 1 < −2) is ignored, the X-ray luminosities of the XRFs and XRRs decay more slowly than those of the C-GRBs. · · · · · · · · · · · · 10.1/11 brkpow XRF060926 −1.45 +0.21 −0.26 · · · · · · · · · · · · · · · · · · 3.86/10 PL XRF070330 −0.849 ± 0.075 · · · · · · · · · · · · · · · · · · 17.0/17 PL · · · · · · · · · · · · 6.66/17 brkpow XRF080520 −1.00 +0.08 −0.09 · · · · · · · · · · · · · · · · · · 5.05/9 PL · · · · · · · · · · · · · · · · · · 13.1/14 PL XRR050525A −0.711 +0.054 −0.049
+1300
−1600 −1.55 ± 0.08 · · · · · · · · · · · · 26.8/32 brkpow Table 4 continued · · · · · · · · · · · · · · · · · · 10.5/11 PL · · · · · · · · · · · · · · · · · · 10.3/6 PL · · · · · · · · · · · · 4.77/16 brkpow XRR071010B −0.663 +0.064 −0.063 · · · · · · · · · · · · · · · · · · 7.09/16 PL · · · · · · · · · · · · 17.5/20 brkpow XRR090531A −0.673 +0.87 −0.91 · · · · · · · · · · · · · · · · · · 2.31/4 PL · · · · · · · · · · · · · · · · · · 55.2/57 PL · · · · · · · · · · · · · · · · · · 0.55/3 PL · · · · · · · · · · · · · · · · · · 16.7/11 PL · · · · · · 25.0/28 brkpow2 Table 4 continued · · · · · · · · · · · · · · · · · · 14.0/17 PL · · · · · · · · · · · · · · · · · · 43.0/46 PL · · · · · · 340/225 brkpow2 GRB080714 −1.13 ± 0.03 · · · · · · · · · · · · · · · · · · 71.5/43 PL GRB080804 −1.10 +0.01 −0.02 · · · · · · · · · · · · · · · · · · 82.3/101 PL · · · · · · 97.0/117 brkpow2 GRB081121 −1.43 ± 0.02 · · · · · · · · · · · · · · · · · · 193/147 PL · · · · · · · · · · · · · · · · · · 24.0/19 PL · · · · · · · · · · · · 210/226 brkpow a Decay index of the 1st power-law component. g Decay index of the 4th power-law component.
h The models "brkpow", "brkpow2", and "brkpow3" have two, three, and four decay indices of power-law components, respectively. Figure 10 shows the plots of X-ray luminosity versus E src peak , temporal decay index versus E src peak , X-ray luminosity versus E iso , and temporal decay index versus E iso . The X-ray luminosity and the temporal decay index are derived at 200 seconds after the Swift/BAT trigger time in the rest frame of the GRBs. The number of the samples is 38. The correlation coefficients σ for the four plots are σ = 0.33 ± 0.08, −0.38 +0.03 −0.06 , 0.54 +0.07 −0.06 , and −0.47 ± 0.02, respectively. Therefore, E src peak and E iso , both of which were derived from the spectrum of the prompt emission, are moderately correlated with the Xray luminosity and the temporal decay index in the afterglow emission. In consequence, we confirmed that Xray afterglow luminosity of the GRBs with a lower E src peak , i.e., softer GRBs, tend to be dimmer and to decay more slowly than harder GRBs. Note that we had excluded the data of XRR050318 and XRR071010B because we could not estimate their luminosity at the epoch due to lack of the BAT data.
X-ray luminosity and the temporal index at 200 seconds after the BAT trigger
X-ray luminosity and the temporal index at 10
hours after the BAT trigger Figure 11 shows the same four plots as of figure 10 but for the epoch 10 hours after the Swift/BAT trigger time. The number of the samples is 39. The correlation coefficients are σ = 0.10 +0.08 −0.07 , −0.09 +0.05 −0.04 , 0.08 +0.06 −0.08 , and −0.27 +0.05 −0.03 , respectively, for the four plots. In contrast to those at the epoch 200s after the trigger (the previous subsection), no clear correlations among those properties were found. Note that we had excluded the data of XRF120724A because of lack of the data (the available XRT data covered up to only 2.7 hours after the BAT trigger). Figure 11 . Same as figure 10 but for the parameters of the afterglow 36000 seconds after the Swift/BAT trigger time. · · · · · · · · · · · · 68.4/75 brkpow XRR050525A −0.711 ± 0.008 4680 +450
−450 −1.55 ± 0.05 · · · · · · · · · · · · 26.8/28 brkpow · · · · · · · · · · · · 36.3/38 brkpow XRR071010B −0.663 +0.064 −0.063 · · · · · · · · · · · · · · · · · · 8.71/14 PL XRR080207 −1.69 ± 0.01 4080 +1900 · · · · · · · · · · · · · · · · · · 16.7/11 PL · · · · · · 175/130 brkpow2 GRB081121 −1.43 ± 0.02 · · · · · · · · · · · · · · · · · · 193/145 PL GRB081222 −2.14 ± 0.01 20.9 ± 0.2 −0.837 ± 0.001 148 +11 · · · · · · · · · · · · 75.4/88 brkpow GRB100816A −1.03 ± 0.04 · · · · · · · · · · · · · · · · · · 24.2/27 PL GRB110731A −1.16 ± 0.01 1860 +1200
−600 −1.29 ± 0.04 · · · · · · · · · · · · 261/249 brkpow a Decay index of the 1st power-law component. h Best-fit model. The models "brkpow", "brkpow2", and "brkpow3" have two, three, and four decay indices of powerlaw components, respectively. We used the "boxfit" (van Eerten et al. 2012 ) tool to perform simulations of the afterglows for their light curves in order to verify whether the origin of the E peak diversity in prompt emission is the properties of jet or the geometrical effect.
The variable opening angle jet model
The variable opening angle jet model is one of the model which explains the E peak diversity by the properties of jet itself. Figure 12 shows the simulated light curves of the X-ray afterglow with the tools on the basis of the variable opening-angle model, where the jet opening angles ∆θ are allowed to vary. In the simulations, we have used the values of E iso calculated from following equation given by Lamb et al. (2005) ,
where E γ is the energy of emitted photon energy and we assumed it E γ = 1.3 × 10 51 , estimated by Bloom et al. (2003) . The events with a larger ∆θ (or lower E iso ) are found to have a lower X-ray luminosity than those with a smaller ∆θ (higher E iso ). Also, figure 12 implies that the break time of the jets with a smaller ∆θ comes earlier. The positive correlation between the X-ray luminosity and E iso (or "hardness" of the events) exists only in the early phase of afterglows and disappears in the later phase. Accordingly, the simulated X-ray luminosity light-curves on the basis of the variable openingangle model are consistent with the observed L X -E src peak (E iso ) relations. The range of E iso in our sample, however, is 10 50 < E iso < 10 54 erg, and the lower limit is 10 times smaller than E γ estimated by Bloom et al. (2003) . Thus, there is no value of the opening angle that can accommodate this value of E iso . According to Lamb et al. (2005) , in order to escape this problem, E γ is rescaled and the equation 3 is modified to be
In the basis of this equation, we obtained the range of ∆θ, corresponding to that of E iso . The range is 5.2 × 10 −3 < ∆θ < 0.53 rad.
Here, we estimate range of jet break time (t jet ) from those of ∆θ and of E iso . t jet means the break time in the light curve of the afterglow. After the t jet , the temporal decay index become smaller than -2 (Sari et al. 1999) .
The t jet is given by the equation (1) in Sari et al. (1999) , t jet ≈ 6.2(E iso,52 /n) 1/3 (∆θ/0.1) 8/3 ,
where E iso,52 is the isotropic equivalent energy in units of 10 52 ergs. If we assume circum-burst number density n = 1 [cm −3 ], the range of t jet is 40 < t jet < 4 × 10 5 sec. Therefore, It is necessary that jet breaks are occurred in afterglow light curves of energetic GRBs (E iso > 2.0 × 10 54 erg) before 200 sec after trigger. The results shown in §5.1, however, are inconsistent with the prediction of such a early jet break. ∆θ=0.045 E iso =2*10 53 ∆θ=0.056 E iso =1.3*10 53 ∆θ=0.08 E iso =6.5*10 52 ∆θ=0.1 E iso =4.1*10 52 ∆θ=0.18 E iso =1.2*10 52 ∆θ=0.25 E iso =6.6*10 51 ∆θ=0.35 E iso =3.4*10 51 ∆θ=0.5 E iso =1.7*10 51 Figure 12 . Light curves simulated with the boxfit tools on the basis of the variable opening-angle model, where the jet opening angle ∆θ and Eiso are allowed to vary. The fixed parameters are θ obs = 0, n = 1, p = 2.5, ǫB = 10 −5 , and ǫe = 0.2.
The off-axis jet model
Another likely model of GRBs is the off-axis model, in which the situation of an observer being off-axis from the jet is considered. The off-axis model predicts an existence of a rising part in the afterglow light curve because its beamed emission is less visible to the observer in the early phase. Figure 13 shows the X-ray luminosity light-curves simulated with the boxfit tools on the basis of the off-axis model. The results suggest the trend that the peak of light curves and start time of the rising part come later for the events with a wider θ obs . The trend is consistent with the results from our observed samples (see §5.1), which have indicated that the X-ray luminosity of the XRF samples are lower than those of C-GRBs. However, our observation results (figures 8-10) do not show any significant rising parts as in figure 13(a) . Therefore, these results suggest that the diversity in the observing angles has to be restricted in a very narrow range of θ obs < 0.01 rad (≈ 0.6 • ) on the basis of the off-axis model. Figure 13 . Simulated light curves with the boxfit tools on the basis of the off-axis model with the varying observing angle θ obs for a range of (left) 0-0.1 rad (≈ 6 • ), drawn every 0.02 rad, (right) 0-0.01 rad (≈ 0.6 • ), drawn every 0.002 rad. See figure 12 caption for the fixed parameters. Figure 14 .
Assumed geometry of the GRB jet in §6. We assume that C-GRBs are observed in the on-axis (blue) area, whereas XRFs and XRRs are observed in the off-axis (green) area. The parameter ΩON (ΩOFF) is the solid angle subtended by the direction to which a source is observed as a C-GRB (XRR or XRF), and θ obs;max is the observing angle at which hard GRBs (E obs peak = 100 keV) are observed as XRFs (E obs peak = 1).
Total number of XRFs, XRRs, and C-GRBs in the whole universe
To restrict the viable theoretical models, we estimate the total numbers of the XRFs, XRRs, and C-GRBs in the whole universe per year, using the simulator publicly available by Graff et al. (2016) , based on the Swift/BAT trigger algorithm (Lien et al. 2014; Graff et al. 2016) . We execute the simulator setting the maximum likelihood parameters as given in (Graff et al. 2016 ) (the result of the random forest, figure 15 ). In consequence, we obtain the total numbers of C-GRBs f C−GRB = 570±36 [events yr −1 ], XRRs f XRR = 3031±53 [events yr −1 ], and XRFs f XRF = 968 ± 45 [events yr −1 ], where the errors are determined from the Gaussian distribution obtained after running the simulator 10000 times.
Here, the intrinsic local GRB event rate which we used is n 0 = 0.42 [events Gpc −3 yr −1 ], derived in (Graff et al. 2016 ). This rate is consistent with the rate of "high-luminosity GRBs", corresponding to C- (Pélangeon et al. 2008) are ∼ 1000 and ∼ 25 times higher, respectively, than the rate which we used for the estimation. Especially in the latter one, the population of gamma-ray bursts is dominated by the X-ray flashes. Thus, the estimated total number of the XRFs is a lower limit because the previous studies suggest that the total number of the XRFs was underestimated.
Next, we calculate the canonical opening angle ∆θ and bulk Lorentz factor Γ of the jets from the obtained total numbers. We assume that the on-axis GRBs are observed as C-GRBs in an area of Ω on and off-axis ones as XRRs or XRFs in an area of Ω off , as illustrated in figure  14 . Their ratio is given by, according to Yamazaki et al. (2002) ,
where θ obs;max is the observing angle at which E peak is observed as 1 keV due to the relativistic Doppler effect. We consider that the C-GRBs, XRRs, and XRFs have E obs peak > 100 keV, 100 ≥ E obs peak > 30 keV, and 30 ≥ E obs peak ≥ 1 keV, respectively, on the basis of the results of §4.1. According to §4 in Yamazaki et al. (2002) , the quantity f XRF + f XRR (f C−GRB ) is the solid angle subtended by the direction to which the source is observed as an XRF or XRR (C-GRB). Thus, the ratio of the solid angles of an off-axis to on-axis observers can be described as the ratio of the numbers of the off-axis to on-axis events,
We substitute θ obs;max ∼ 0.01, which is estimated in §6.1.2, into equation (6), solve it for ∆θ, and find that
The f C−GRB is identified with the total number of the jets pointed to the Earth per year, which are launched from the sources in the whole universe, such as corecollapse supernovae. Thus, f src = f C−GRB /Ω on ≈ 6.1 × 10 6 is corresponding to the total number of the jets which are launched from the source in the whole universe per year.
Here, we estimate jet break time (t jet ) of XRF from the ∆θ, using equation 5. If we assume circum-burst number density n = 1 [cm −3 ] and the energy of the jet as E iso = 4.4 × 10 53 [erg] 2 , the jet break time is t jet 30 sec. However, none of XRFs in our sample showed the significant feature of jet break (see in §5.1).
The relation between E peak of an on-axis (E on peak ) and off-axis (E off peak ) observers is given by (Yamazaki et al. 2002) ,
where β is the velocity of the jet and δ is the Doppler factor. Substituting E off peak = 1 keV, E on peak = 100 keV, and θ obs = θ obs;max ∼ 0.01 into equation 9, we find the bulk Lorentz factor Γ ≈ 1000.
If we assume to be E off peak = 10 keV, the total number of the XRFs and the ratio of solid angle decrease to f XRF;E peak >10keV = 539 ± 36 [events yr −1 ] and Ω off /Ω on 6, respectively. The values of ∆θ, t jet , and Γ, corresponding to be based on this condition are ∆θ 5.9 × 10 −3 [rad] ≈ 0.34 • , t jet 40 s, and Γ ≈ 300. This Γ is smaller than the value derived in the basis of the assumption to be E off peak = 1 keV. On the other hand, the results that ∆θ is narrow and t jet is too fast, are same as the former one.
In summary, a XRF is observed when a narrow (∆θ ∼ 0.3 • ) jet is viewed at θ obs ∼ 0.6 • . Thus, the E peak diversity, which is apparent in the BAT samples, needs to be explained despite a very small variation in the jet viewing angle, 0 < θ obs 0.6 • , of the XRFs. This result supports the conclusion by Donaghy (2006) , in which the mechanism generating the E src peak − E iso relation (Amati et al. 2002) was discussed. Additionally, the t jet corresponding to estimated ∆θ is 30s (or 40s) and none of XRFs in our sample showed the significant feature of jet break. Therefore, the E peak diversity among GRBs observed by Swift/BAT, Fermi/GBM and others are likely to mainly originate not from the off-axis effect but rather the properties of the jet itself, e.g., the variable opening angles. 6.3. Multi-band light curve fitting with the boxfit tools.
In order to not only constrain values of ∆θ and θ obs more strongly than the estimations from the event rates but also to find out whether the optical and X-ray afterglow are the same component of external shock models (as expected in the standard model e.g., Frail et al. (2000) ), we executed a model fit for the boxfit-simulated data for the X-ray and optical afterglows originally observed by Swift/XRT and optical telescopes on the ground, respectively. Table 7 summarizes the samples used. Those samples were selected from our analyzed samples whose optical data were rich.
For the data of the C-GRBs, we used the parameter region of E iso derived from our analysis of the prompt emissions. For the other data, while the lower limit of E iso was set the same as those for the C-GRBs, we did not set the upper limit because the simulated jet energy E j in the boxfit tools relates to E iso by E j = E iso (1 − cos ∆θ) ≈ E iso ∆θ 2 /2,
and because we have to consider the attenuation of E iso caused by off-axis effects in order not to underestimate the jet energy. Table 8 summarizes the fitting results of the 5 samples that we used. We found the negative correlation between E iso (or E src peak ) and the opening angle of the jet, i.e., the sources with a smaller E iso (or E src peak ) have a larger opening angle. The observing angles of all the sample sources were 0 • . These imply that these XRRs and XRFs are the on-axis events. Figure 15 shows the multi-band light-curves of the samples. XRR050525A and XRR090423 showed the consistent fits to the Xray and optical data. However, the other three samples showed unacceptable fits, especially with the X-ray data.
This result implies that an origin of X-ray afterglow emissions different from that of optical one. The observed data of our samples are rather inconsistent with the predicted afterglow light-curve on the basis of the external shock model.
Although our discussion has been based on the assumption that both the X-ray and optical emissions originate in the external shock, the possibility that the emissions actually come from some different processes is not Table 7 . Samples used for the boxfit simulations.
Events
Energy band or filters XRF050416A X-ray a , R b , Ks c XRF081007 X-ray a , r',H d XRR050525A X-ray a , V,UVW1 e XRR090423 X-ray a , J,K,H f GRB090102 X-ray a , r',z' g a Evans et al. (2009) . We used the monochromatic flux at the 0.3 keV and 10 keV bands. 
Conclusions about off-axis model
We performed a systematic study of GRBs observed by Swift by investigating the prompt and afterglow emissions. We cataloged the long GRBs observed by the Swift between 2004 December and 2014 February, classifying them into three categories of XRFs, XRRs, and C-GRBs, according to the classification method of Sakamoto et al. (2008) . We analyzed the spectra of these sources during the t 100 interval in the prompt emission and derived E obs peak , and also calculated E src peak for those with known redshifts. Analyzing X-ray afterglows of the GRB samples with well-constrained E peak , we confirmed that E src peak and E iso are moderately correlated with the X-ray luminosity and the temporal decay index. Furthermore, we estimated total numbers of the XRFs, XRRs, and C-GRBs in the whole universe per year, to be f C−GRB = 570 ± 36, f XRR = 3031 ± 53, and f XRF = 968 ± 45 (f XRF;E peak >10keV = 539 ± 36) [events yr −1 ], respectively. With these event rates, the canonical opening angle ∆θ and bulk Lorentz factor Γ of the jets of the XRFs were estimated to be ∆θ 0.3 • (corresponding to θ obs ∼ 0.6 • ), t jet 30 s ( 40 s) and Γ ≈ 1000, respectively. We thus conclude that the observer requires to be close to the jet on-axis for the XRFs. This rejects one of the popular theoretical mod-els, the off-axis jet model, which proposes that the offaxis viewing angle of an observer to the jet plays an important role in the observed properties of the XRFs.
Suggestions from box-fit results
We executed a model fit for the boxfit-simulated data for the X-ray and optical afterglows in 2 XRFs, 2 XRRs, and 1 C-GRBs, respectively. This fitting results shows that the observing angles of all the sample sources were 0 • , and this suggested that the XRRs and the XRFs are on-axis events. On the other hand, simulated multiband light-curves in the samples showed unacceptable fits, especially with the X-ray data. The results implied that the external shock model alone could not explain the X-ray afterglows. This work is supported by MEXT KAKENHI Grant Numbers 17H06357 and 17H06362. The authors would like to thank R. Yamazaki for useful discussion. We also thank Y. Kawakubo, K. Senuma, and H. Ohtsuki for technical assistance with our analysis. Finally, we are grateful to the referees for useful comments. Table 8 . Parameters derived by model fitting with the boxfit tools. The fraction (ǫe) of the downstream internal energy in the shock-accelerated electrons is fixed at ǫe = 0.2 for all the samples. The observing angle of the C-GRB (GRB090102) is fixed at θ obs = 0. l The fraction of downstream internal energy in the shock-generated magnetic field
